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ABSTRACT Highly nonlinear optical processes, such as multiphoton photoemission, require 
high intensities, typically achieved with ultrashort laser pulses and, hence, were first observed 
with the advent of picosecond laser technology. An alternative approach for reaching the required 
field intensities is offered by localized optical resonances such as plasmons. Here, we 
demonstrate localized multiphoton photoemission from plasmonic nanostructures under 
continuous-wave illumination. We use synthesized plasmonic gold nanostars, which exhibit sharp 
tips with structural features smaller than 5 nm, leading to near-field-intensity enhancements 
exceeding 10
3
. This large enhancement facilitates 3-photon photoemission driven by a simple 
continuous-wave laser diode. We characterize the intensity and polarization dependencies of the 
photoemission yield from both individual nanostars and ensembles. Numerical simulations of the 
plasmonic enhancement, the near-field distributions, and the photoemission intensities are in 
good agreement with experiment. Our results open a new avenue for the design of nanoscale 
electron sources. 
Nanoscale confinement of optical fields in plasmonic structures is accompanied by significant 
intensity enhancements that increase the strength of both linear and nonlinear phenomena, such 
as single-molecule Raman-scattering
1,2
 and fluorescence
3
, second-, third-, and fifth- harmonic 
generation
4-8
, nanoplasma extreme-ultraviolet light generation
8-11
, and multiphoton 
photoemission
12-20
. The latter has attracted much attention in experiments involving surfaces
18-20
, 
resonant antennas
17
, or sharp metallic tips
12-16
, facilitating the development of high-coherence tip-
based laser-driven pulsed electron sources
21-28
 for time-resolved electron microscopy and 
diffraction
29-31
.
 
 
 In general, nonlinear optical signals can be enhanced by confining a given incident average 
power in time and/or space. While temporal confinement is ubiquitous in the use of ultrashort 
laser pulses, additional spatial confinement is realized in optical nanostructures, defining the field 
of ultrafast nano-optics
32,33
. In particular, extensive theoretical and experimental work has shown 
a growing level of control over the near-field localization associated with resonant modes in 
optimized nanostructure geometries
34,35
. Exceedingly large field-enhancements in plasmonic 
nanostructures suggest the observation of highly nonlinear processes even under continuous-
wave (CW) illumination conditions. 
 
Here, we demonstrate nonlinear photoelectron emission from individual resonant gold 
nanostars under CW excitation at incident intensities below 1 MWcm
-2
, using a 630-nm low-
power laser diode. We characterize the CW multiphoton photoemission yield as a function of 
incident intensity and polarization, and further provide spatial scans to identify emission from 
individual nanostars. These findings are compared with photoemission measurements using 10 fs 
laser pulses at 800 nm central wavelength. Additionally, we present simulations of the 
electromagnetic near-field distributions and the resulting photoelectron yield that further support 
the nanoscale plasmonic origin of CW nonlinear photoemission at the single-particle level. Our 
results illustrate the potential of plasmonic field confinement in tailored resonant nanostructures 
to widely proliferate nonlinear nano-optics beyond ultrafast science. 
 
The nanostars used in our experiments are grown by a seed-mediated approach
36,37
 (see 
Methods for details) and exhibit multiple protuberances terminating in sharp tips, with radii as 
small as 4 nm (insets to Figure 1a,b). Despite the particle-to-particle variability in the detailed 
nanostar morphology, the controlled growth conditions used in the synthesis allow us to tune 
 their plasmonic response close to the laser operation wavelengths of either 660-nm (CW) or 800 
nm (fs-pulses with 190 nm full-width-at-half-maximum (FWHM) spectral bandwidth). Figure 1c 
shows the measured ensemble optical extinction spectra for both sets of nanostars deposited on 
glass slides (solid curves). Electromagnetic simulations of individual nanosstars (Fig. 1d) from 
each sample batch, with structural features sizes extracted from the TEM images in Figs. 1a and 
b, yield spectra (dashed curves) agreeing well with the central wavelength of measured response 
function. The simulated spectra are essentially dominated by one of the protruding tips of the 
particle, and therefore, notably narrowed compared to the experimental ensemble spectra. The 
calculated intensity enhancement for single 3D nanostars, as presented in Figure 1d, exceeds 10
3
 
at tip regions a few nanometers in diameter. Figure 1d plots the magnitude squared of the optical 
field component which is locally perpendicular to the surface, as the surface-parallel component 
does not contribute significantly to photoemission due to low quantum efficiency
38
. 
 
In the photoemission experiments, nanostars (cf. Figures 1a and 1b) dispensed on a fused silica 
substrate with conductive indium-tin-oxide (ITO) coating are illuminated with focused CW or fs-
pulsed laser radiation (see Methods for details), as depicted in Figure 1e. The focal-spot 
diameters (FWHM of intensity) are 3.5 µm  1.1 µm (major  minor axis) and 5 µm for the CW 
and femtosecond-pulsed illumination, respectively, enabling the excitation of single nanostars for 
samples with a surface coverage of 0.1 particles/µm². Polarization and intensity control is 
realized with a broadband half-wave plate and a thin-film polarizer. The photoemission 
measurements are conducted in a high-vacuum chamber at background pressures of 10
-7
 mbar. 
Emitted photoelectrons are detected using a phosphor-screen microchannel-plate (MCP), imaged 
by a charge-coupled device camera for a moderate bias voltage (-10 to -30 V) applied to the 
sample, drawing emitted electrons towards the grounded detector front plate. Spatial 
 photoemission maps are obtained by scanning the samples relative to the laser focus using a 
precision 3D translation stage. 
   
Figure 1 | Optical field enhancement and femtosecond photoemission in resonant nanostars.           
a,b) TEM images of nanostars on Si3N4 membranes (500 nm scale bars). Insets show close-ups of 
single stars (50 nm scale bars). c) Measured optical extinction spectra (solid lines) for ensembles 
of the two nanostar batches (see color-coded frames in a,b), compared to simulated spectra of 
individual nanostars from the respective batch (color-coded, dashed). d) Simulated intensity-
enhancement (magnitude square of surface-normal electric field component) for a single nanostar 
with dimensions extracted from a. e) Schematic of the experimental setup: light is focused onto 
the sample (nanostars deposited on the glass substrate side facing towards the electron detector); 
electrons are detected using a microchannel plate (MCP) phosphor-screen assembly. f) 
 Photoemission map from a nanostar sample (850 nm resonance wavelength, surface density of 
0.1 µm
-2
). The inset shows a fine scan over a single star, with the dashed circle indicating the 
laser spot size (FWHM intensity). g) Scanning electron micrograph of the same region scanned in 
(f). The insets show close-ups of individual nanostars. The circles in f and g indicate the positions 
of nanostars leading to considerable photoemission. 
Figures 1f and g show a photoemission map (recorded with femtosecond excitation) and a 
scanning electron micrograph of the scanned region on the nanostar sample (850 nm ± 100 nm 
resonance wavelength; see Figs. 1b, c), respectively. The photoemission hotspots can be clearly 
identified as positions of single or multiple nanostars, indicated by the blue circles. Only particles 
exhibiting nanometric feature sizes (confirmed by scanning electron microscopy, see insets to 
Fig. 1g) yield photoemission at an incident peak intensity of 100 MWcm
-2
. A finer scan of an 
individual star (see upper-right insets to Figs. 1f,g) reveals that the emission profile is 
significantly narrowed compared to the intensity FWHM diameter of the focal spot of the 
incident beam (cf. bright emission region and dashed circle), illustrating the nonlinearity of the 
emission process. 
 
The findings presented in Figure 1f are in line with previous experiments on multiphoton 
photoemission from plasmonic nanostructures using femtosecond excitation
12,14,17-20,39-41
. 
However, the observation of photoemission at peak-intensities in the MWcm
-2
 range indicates the 
particularly high enhancement factors of these nanostars compared with nanotip structures or 
bow-tie antennas.
 
 
In the following, by employing the high field enhancement in the nanostars, we demonstrate 
multiphoton photoemission under CW illumination with sub-MW cm
-2
 incident intensities. The 
 nanostar sample that exhibits a resonance at 630 nm ± 75 nm wavelength (see Figs. 1a,c) is 
excited with the 660-nm CW-line from a laser diode with 60 mW maximum output power. Figure 
2a presents the intensity scaling (double-logarithmic plot) of the photoemission from 
approximately 200 nanostars in a higher-density sample (open red circles, 70 stars/µm²) and a 
single nanostar of a sparse sample (open red triangles, 0.1 stars/µm²) positioned in the CW laser 
focus. The photoemission from the single nanostar (verified by polarization dependence, see 
below) is measured at the hotspot position indicated with the arrow in the spatial scan of Figure 
2b. The hotspot extension and shape reflect the nonlinearity of the photoemission process and the 
oval shape of the focal spot, respectively. For comparison, we also plot in Figure 2a the light-
intensity-dependent photoelectron yield from a single nanostar produced upon femtosecond-pulse 
excitation (filled black circles). The nonlinear scalings of the photoemission signals ∝ In with 
incident light intensity I is indicated with dashed red (n=3) and black (n=5) lines for CW and 
femtosecond excitation, respectively. 
  
Figure 2 | Continuous-wave multiphoton photoemission. a) Light-intensity dependence of the 
photoemission yield from single and multiple nanostars. The solid line is the calculated 3-photon 
photoemission rate (see eq 1 in the Methods section) for a single nanostar under CW 
illumination, assuming an effective tip area of 5×5 nm
2
 (cf. upper tip in Fig. 1d). The 
photoelectron emission rate for the experimental data is calculated from the electron count rate by 
assuming 10% detection efficiency. b) Photoemission map recorded with 45 mW CW excitation, 
corresponding to an incident intensity of 1.5 MWcm
-2
. 
In order to better understand the nonlinear photoemission process, we carry out perturbative 
simulations of the photoemission yield from a single nanostar under CW excitation (see solid red 
curve in Fig. 2a), based upon a description of conduction electrons as independent particles 
subject to a rectangular step potential to describe the surface barrier  (see Methods for details). 
The results are in good quantitative agreement with the experimentally observed electron yield, 
justifying the employed perturbative treatment.  
 In both experiment and simulation, the far-field coupling to the resonant modes of individual 
nanostars strongly depends on the incident laser polarization. Figure 3 displays the polarization-
dependent photoemission yields for three different stars, using either CW (solid red circles) or 
femtosecond-pulse (open black diamonds and blue circles) illumination. The measurements show 
a strong polarization-dependence of the photoemission yield for each individual nanostar, thus 
confirming a polarization-dependent mode coupling. We find that (cos α)2n fits of this 
polarization dependence (solid curves in Fig. 3) are consistent with the nonlinearity of the 
photoemission process for both CW (n≈3) and pulsed (n≈4-5) excitation. In the case of fs-
excitation, some variation in nonlinearity for different nanostars likely stems from different 
resonance wavelengths overlapping the broad spectrum of the Titan:Sapphire laser (690-880 nm 
bandwidth) used, as well as local variations of the gold work function due to substrate effects, 
crystalline facets or the nanometric size of the features
42-44
. 
 
 
Figure 3 | Polarization-dependence of photoemission from individual nanostars. 
Measurements from three different nanostars, along with (cos α)2n fits (see values of n as color-
coded labels) that show the nonlinear intensity dependence of the emission. 
 In conclusion, we demonstrated 3-photon photoemission from individual gold nanoparticles 
using low-power CW laser radiation at a wavelength of 660 nm (1.8 eV photon energy). This 
type of nonlinear processes requires large light intensities typically realized by employing 
ultrafast laser pulses. Instead, by harnessing a 1000-fold optical CW near-field intensity 
enhancement via localized plasmons at the tips of gold nanostars, we achieve a >10
9
 fold total 
enhancement of the 3-photon electron yield, which agrees with calculations from a perturbative 
model. The findings suggest the use of very sharp tips (> 4 nm radii) as coherent electron sources 
in future nanoscale free-electron devices with potential applications in microscopy, spectroscopy, 
sensing, and signal processing. 
  
 METHODS 
Photoemission experiment 
Two sources are used to illuminate the samples with (i) few-femtosecond, nano-joule laser pulses 
having a central wavelength of 800 nm at 80 MHz repetition rate, and (ii) continuous-wave 
radiation at a wavelength of 660 nm from a low-budget (sub-100 €) laser diode. 
Gold nanostar synthesis 
Materials and methods. Poly(vinylpyrrolidone) (PVP, MW = 25 000) was purchased from Roth. 
Gold(III) chloride trihydrate (99.9%, HAuCl4∙3H2O), trisodium citrate dehydrated (≥99.5 %, 
C6H5Na3O7·2H2O), ethanol absolute (≥99.9%, EtOH), and indium tin oxide (ITO) coated glass 
slides (surface resistivity 8-12 Ω/sq) were obtained from Sigma-Aldrich. N,N-
dimethylformamide (≥99%, DMF) was acquired from Fluka. All reactants were used without 
further purification. Milli-Q water (18 MΩ cm-1) was used in all aqueous solutions, and all the 
glassware was cleaned with aqua regia before usage. 
Synthesis of spherical Au seeds nanoparticles. Spherical Au nanoparticles of approximately 12 
nm in diameter were produced by a modification of the well-known Turkevich method
45-49
. 
Briefly, Milli-Q water (500 mL) was heated to boil. After boiling had commenced, a solution of 
sodium citrate (11 mL, 0.1 M) was added to achieve a final citrate concentration of 2.2 mM. 
Boiling was continued for 10 min under vigorous stirring. After this time, 833.0 μL of an aqueous 
solution of HAuCl4 (0.1 M) was added to the boiling solution and was left boiling under vigorous 
stirring during 30 min. A condenser was utilized to prevent the evaporation of the solvent. During 
this time, the color of the solution gradually changed from colorless to purple to finally become 
deep red. The resulting particles were coated with negatively charged citrate ions, and hence, 
 were well suspended in H2O. Next, after cooling, the particles were added drop by drop under 
stirring to a previously sonicated (30 min) aqueous solution of PVP (500 mL, 0.27 mM). To 
guarantee that adsorption was complete, the reaction mixture was stirred for 24 h at room 
temperature. Finally, the Au NPs were centrifuged (9000 rpm, 35 min) and redispersed (all in a 
total volume of 50 mL) in EtOH to achieve a final Au concentration of 16.2×10
-4
 M.  
Synthesis of Au nanostars with λmax at 850 nm. Au nanostars were prepared by a modification of a 
previously reported procedure
50
 by dissolving 6.99 g of PVP in DMF (25 mL). After its complete 
dissolution, 10 mL extra of DMF were added, and the mixture was further sonicated for 30 min to 
assure homogeneity of the polymer in the solution. Followed by the addition of an aqueous 
solution of HAuCl4 (77.7 μl, 0.1402 M) under rapid stirring at room temperature. Immediately 
after, 300 μL of the preformed dispersion of 12 nm, PVP-coated Au seeds in ethanol ([Au] = 
16.2×10-4 M) was rapidly added. Within 15 min, the color of the solution changed from pink to 
blue, indicating the formation of Au nanostars. The solution was left under stirring overnight to 
assure the reduction of all reactants. DMF and excess of PVP was removed by several 
centrifugation steps, a first one at 7500 rpm for 40 min followed by two more at 7000 rpm for 10 
min, in all steps the particles were resuspended in EtOH (35 mL). The obtained Au nanostars, 
exhibit a maximum absorbance peak at 850 nm.  
Synthesis of Au nanostars with λmax at 630 nm). The previous synthesis of Au stars with λmax at 
850 nm was repeated, and as before, after synthesis, the obtained Au nanostars were cleaned once 
by centrifugation (7500 rpm, 40 min) and redispersion in EtOH (35 mL). Next, two additions of 
HAuCl4 (0.1402 M) each one of 15 μL were injected to the Au nanostar solution under vigorous 
stirring with 1 h time delay between them. After 4 h, the reaction was stopped by centrifugation 
 (2 × 7000 rpm, 10 min) and redispersion in EtOH (45 mL). The obtained Au nanostars, exhibit a 
maximum absorbance peak at 630 nm. 
ITO substrate preparation. One-side coated ITO square glass slides (L × W × thickness = 25 mm 
× 25 mm × 1.1 mm) were bought and coated with 100 nm ITO on the non-coated glass side by 
sputtering at 150 W during 425 s. 
Au nanostars substrate deposition. Both types of Au nanostars (850nm and 630 nm) were extra 
cleaned by four-fold centrifugation (7000 rpm, 10 min) and redispersion in EtOH. After that, two 
sets of solutions for each type of stars were prepared with final Au concentrations of 8×10
-5
 M, 
8×10
-4
 M, and 8×10
-2
 M. Next, 50 μL of each concentration were spin coated (1st ramp at 500 
rpm for 10 s; 2
nd
 ramp at 3000 rpm for 30 s with an acceleration rate for both ramps of 500 rpm/s) 
on ITO coated (on both sides) glass slides to achieve particle densities of approximately 0.1, 1.1, 
and 70 particles/μm2 for the 630 nm Au stars and 0.07, 0.5, and 15 particles/μm2 for the 850 nm 
Au Stars. 
Au nanostars deposition on SiN TEM grids. Au Nanostars were deposited on a TEM SiN grid via 
spin coating (5 μL; 1st ramp at 500 rpm for 10 s; 2nd ramp at 3000 rpm for 30 s with an 
acceleration rate for both ramps of 500 rpm/s) from two different Au concentrations (8×10
-5
 M, 
4×10
-4
 M) to achieve particle densities of 0.18 and 0.6 particles/μm2. 
Au nanostars deposition on glass slides for solid UV-VIS characterization. Solutions of both 
types of Au Nanostars with concentrations of 5×10
-4
 M were prepared and spin coated (50 μL, 
500 rpm, 60 s) on microscope cover-slip glass slides to achieve a low particle density sufficient to 
avoid interparticle coupling while enabling UV-vis spectra to be recorded. 
 Optical characterization. UV-VIS spectroscopy was recorded with a PerkinElmer, Lambda 19. 
Size, shape, and topographical characterization of the nanoparticles and the substrates were 
performed with transmission and scanning electron microscopy (TEM, LEO 922 EFTEM 
operating at 200 kV and LEO 1530 FE-SEM, Zeiss). 
Theoretical methods 
Electromagnetic simulations. Extinction spectra and near-field distributions are calculated using a 
finite-difference method (COMSOL) to solve Maxwell’s equations under external plane-wave 
illumination for characteristic nanostar morphologies (see Figure 1d). The dielectric function of 
gold is taken from optical data
51
. 
Multiphoton photoemission. An estimate of the photoemission yield is obtained by considering a 
flat surface exposed to a normal electric field with an amplitude given by the maximum intensity 
of the locally normal near-field resulting from the electromagnetic calculations for the nanostars. 
An effective hotspot area of 5×5 nm
2
 is assumed (i.e., we multiply the electron emission current 
density by this area). The flat-surface approximation is justified by the small electron wavelength 
(~1 nm at the Fermi level of gold) compared with the nanostar tip rounding radius (~4 nm). We 
describe the gold flat-surface through a square-step potential (depth 𝑽𝟎 =16.3 eV, work function 
𝚽 =4.5 eV). Available analytical solutions41 for the initial, intermediate, and final electron states 
are used (see detailed explicit expressions for orthonormalized wave functions in Ref. 52), 
including their plane-wave dependence along the x-y directions parallel to the surface. As the 
parallel wave vector k|| is preserved during the emission process, we study transitions involving 
the perpendicular wave-function components, starting from an initial state 𝝋𝒏=𝟎(𝒛) (energy ℏ𝜺𝟎 
relative to the valence band bottom), and with each of the three absorbed photons (frequency ) 
producing a transition from 𝝋𝒏−𝟏(𝒛) (energy ℏ𝜺𝟎 + (𝒏 − 𝟏)ℏ𝝎) to 𝝋𝒏(𝒛) (with 𝒏 = 𝟏 − 𝟑). 
 Approximating the electron-light Hamiltonian by (−𝒆ℏ 𝒎𝝎⁄ )[𝑬𝒛(𝒛)𝒆
−𝒊𝝎𝒕 − 𝑬𝒛
∗(𝒛)𝒆𝒊𝝎𝒕]𝝏𝒛 for 
an optical electric field 𝑬𝒛(𝒛)𝒆
−𝒊𝝎𝒕 + 𝑬𝒛
∗(𝒛)𝒆𝒊𝝎𝒕 along the surface-normal direction z, the 
electron transitions under consideration can be described by iteration of the perturbative 
expression
53 
𝝋𝒏(𝒛) =
−𝒆ℏ
𝒎𝝎
∫𝒅𝒛′ 𝑮𝟎
+(𝒛, 𝒛′, 𝜺𝟎 + 𝒏𝝎)𝑬𝒛(𝒛′)𝝏𝒛′𝝋𝒏−𝟏(𝒛′), 
which gives the excited wave-function component produced from 𝝋𝒏−𝟏, whereas 
𝑮𝟎
+(𝒛, 𝒛′, 𝜺𝟎 + 𝒏𝝎) =
𝒎
ℏ𝟐𝒌𝒏
{
 
 
 
 
 
 
𝑨𝒏𝒆
𝒊𝒌𝒏(𝒛+𝒛
′) − 𝒊𝒆𝒊𝒌𝒏|𝒛−𝒛
′|,                 𝒛, 𝒛′ > 𝟎
𝑩𝒏𝒆
𝒊𝒌𝒏𝒛𝒆−𝒊𝒌𝒏
′ 𝒛′ ,                                              𝒛 > 𝟎, 𝒛′ < 𝟎
𝑩𝒏𝒆
−𝒊𝒌𝒏
′ 𝒛𝒆𝒊𝒌𝒏𝒛
′
,                                              𝒛 < 𝟎, 𝒛′ > 𝟎
𝒌𝒏
𝒌𝒏′
[−𝑨𝒏𝒆
−𝒊𝒌𝒏
′ (𝒛+𝒛′) − 𝒊𝒆𝒊𝒌𝒏
′ |𝒛−𝒛′|],     𝒛, 𝒛′ < 𝟎
 
is the forward electron Green function that satisfies the identity 
[−
ℏ𝟐𝝏𝒛
𝟐
𝟐𝒎
+ 𝑽(𝒛) − ℏ𝜺]𝑮𝟎
+(𝒛, 𝒛′, 𝜺) = −𝜹(𝒛 − 𝒛′) 
for the square-step potential 𝑽(𝒛). Here, 𝑨𝒏 = −𝒊(𝒌𝒏 − 𝒌𝒏
′ )/(𝒌𝒏 + 𝒌𝒏
′ ), 𝑩𝒏 = −𝟐𝒊𝒌𝒏/(𝒌𝒏 +
𝒌𝒏
′ ), 𝒌𝒏
′ = √𝟐𝒎(𝜺 + 𝒏𝝎)/ℏ is the electron wave vector along z inside the metal, and 𝒌𝒏 =
√𝟐𝒎(𝜺 + 𝒏𝝎− 𝑽𝟎/ℏ)/ℏ is the normal wave vector in the vacuum side. Finally, integrating 
over initial states (i.e., over 𝜺 and k|| in the range 𝟎 < 𝜺 +
ℏ𝒌∥
𝟐
𝟐𝒎
< 𝑬𝐅 = 𝑽𝟎 −𝚽), the photoelectron 
current per unit area with n=3 photons (under the assumption that ℏ𝒏𝝎 > 𝚽) reduces to 
𝑱 =
𝒆𝟐
𝟒𝝅𝒎ℏ 𝝎𝟐
∫
𝒅𝒌𝟎
′
𝒌𝒏
𝒌𝐦𝐚𝐱
′
𝒌𝐦𝐢𝐧
′
(
𝟐𝒎𝑬𝐅
ℏ𝟐
− 𝒌𝟎
′ 𝟐) 
 × |∫ 𝑑𝑧 (𝐴𝑛𝜃(𝑧)𝑒
𝑖𝑘𝑛𝑧 + 𝐵𝑛𝜃(−𝑧)𝑒
−𝑖𝑘𝑛
′ 𝑧) 𝐸𝑧(𝑧) 𝜕𝑧𝜑𝑛−1(𝑧)|
2
,   (1) 
where 𝒌𝟎
′  is the initial electron wave vector inside gold, 𝒌𝐦𝐢𝐧
′ = 𝐑𝐞 {√
𝟐𝒎𝑽𝟎
ℏ𝟐
−
𝟐𝒎𝒏𝝎
ℏ
}, and 
𝒌𝐦𝐚𝐱
′ = √𝟐𝒎𝑬𝐅/ℏ. 
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